Research on cement hydration was performed at the full-field soft transmission X-ray microscope XM-1 located at beamline 6.1.2 at the Advanced Light Source (ALS) in Berkeley CA which is operated by the Center for X-ray Optics, Lawrence Berkeley National Laboratory, Berkeley, California. A series of works [1] [2] [3] has been conducted using this microscope for the insitu observation and qualitative analysis of through-solution hydration products and products of topochemical reactions, which form in cementitious aqueous solutions. This paper studies the precipitation of the calcium hydroxide (CH) crystals from the cement solution. The analysis of successive images of the hydration process provides critical quantitative information about the growth rate of calcium hydroxide (CH) crystals, the supersaturation ratio, and the kinetic and diffusion coefficients of the growth process.
the range of 1 to 14 seconds depending largely on the absorption of the sample. The experimental work was conducted at room temperature T = 298 K. Figure 1 shows X-ray images of the hydration process during the first 118 minutes immediately after solution preparation procedure. The six images were recorded every 23.6 minutes, on average . The image in Fig. 1a shows that during the first 15 minutes after the sample preparation, no formation of regularly-shaped crystals was observed. It is assumed that this timeinterval is associated with the nucleation period of the growing particles. The images presented in
Figs. 1b to f clearly show the growth process of crystals with a plate-like shape. These crystals are imaged in different crystallographic projections that definitely belong to particles with a hexagonalprism shape, as is schematically depicted in Fig. 2 . Meanwhile, as it is known from numerous experimental observations [4] [5] [6] [7] , the crystals of the CH precipitate with hexagonal-prism shape faceted by } 0 1 10 { prismatic and } 0001 { basal facets and exhibit aspect ratio L r that satisfies the
where 1 L and 2 L are the characteristic linear sizes of a crystal, corresponding to > < 0 1 10 and > < 0001 growth directions as is shown in Fig. 2 . Therefore, the regularly-shaped particles observed in our recorded images in Fig. 1 were assumed to be CH phase, but not ettringite. To a certain degree this assumption is supported by the X-ray image (see Fig. 3 ) recorded by us from aqueous solution saturated with respect to CH and gypsum and containing 100% 4 3 C A S admixture (i.e. no cement). On the one hand, in 100% 4 3 C A S admixture-containing solution, most favorable conditions for formation exist for ettringite [8] . On the other hand, as a rule, in cemetitious materials ettringite precipitates as needle-like crystallites with hexagonal-prism shape and aspect ratio Fig. 2 is valid also for depiction of growth facets of ettringite crystallites, for which, however, 2 1 L L < ). Clustering of precipitating crystallites is also typical to ettringite. Therefore, it is believed that the dense clusters of needle-like crystallites observed in image given in Fig. 3 belong to ettringite. Thus, it may be concluded that 6% 4 3 C A S admixture content in aqueous solution under investigation was not sufficient for promotion of the fast precipitation of ettringite particles with noticeable sizes during observation time.
As is clearly demonstrated in Figs. 1b to f, the relative locations and orientations of the growing CH crystals in solution are preserved in time, that is to say, during the growth process no strong convective fluxes were generated in solution and the growing particles remained immobile.
For instance, in Figs. 1b to f , particle No.1 is viewed along a < hki0 > crystallographic direction, whereas particle No. 2 is oriented in such a way that its {0001} basal facet (see also Fig. 2 ) is observed. Particle No. 1 is of special interest as it is viewed along a > < 0 hki crystallographic direction (the {0001} facets of the particle exhibit a slight mis-orientation with respect to observation direction), and its stable orientation was favorable for simultaneous measurements of the linear sizes 1 L and 2 L depending on time and, hence, for evaluation of corresponding growth rates in > < 0 1 10 and > < 0001 growth directions (see Fig. 2 ).
The limitations of the microscope (a resolution of 35 nm) does not allow observation of the nucleation process of the CH crystallites in solution from the very beginning of their formation.
However, as a first approximation, it may be assumed that the nuclei of this phase possess a quasispherical shape and grow during the nucleation period,
, with a constant rate, n V , that defines the increase of a nucleus diameter, d, with time according to a relationship [9] 
where
t is the time, n t is the duration of the nucleation period, Ω is the volume occupied by a molecule (unit cell) in a nucleus, n β is the growth (nucleation) kinetic coefficient during the nucleation period, e C and C (in m −3 units) are the equilibrium concentration (solubility) and actual concentration of solute molecules, respectively. At time n t t = , only a small part of the CH crystallites reaches a critical diameter [9] 
and continue to increase in size, whereas a majority of the CH crystallites with sizes in the range
does not reach the critical diameter because of a partial dissolution that results from thermal and supersaturation fluctuations. In Eq. (4), γ is the nucleus-water interfacial energy, T is the temperature, k is the Boltzmann constant, and S is the supersaturation ratio of the solution.
Equation (2) yields an alternative expression for the critical diameter,
, which is achieved at n t t = . The following simple relationships connect parameters S, e C and C with the ionic product, K , and the solubility product, sp K , of the CH :
where parameters e C ≈ 7. Fig. 2 ). For quantitative description of the growth process of CH particles at post-nucleation period, we may modify theoretical results obtained for growth process of a spherical particle in supersaturated solution (see e.g. [9, 10] ). The growth rate of a spherical particle,
/ , in a saturated and non-mixing solution in isotropic approximation is given by the following equation [9, 10] :
where d is the diameter of particle, t d ∂ ∂ / is the derivative with respect to time, β is the isotropic growth kinetic coefficient that is assumed for a local surface area of the particle to be independent on crystallographic orientation, D is the diffusion coefficient of solute particles, parameters Ω , C and e C have the same meaning as in Eq. (3). Note that in the limit of small sizes,
where it is implied that parameter )
is the value of diameter at the beginning n t t = of the post-nucleation period, n t t > , and is defined by Eq. (4). According to our experimental observations (see Figs. 1b to f ), the growing CH particles exhibit hexagonal-prism shape, and Eq. (7) is not valid for a realistic analysis of their shape evolution. To modify Eq. (7) for application to growth process of the CH, it is assumed that the growth kinetic coefficient, β , and the equilibrium concentration of solute molecules, e C , differ at } 0 1 10 { and } 0001 { facets. This assumption is based on the following argumentation. The Curie-Wulff rule (see e.g. [9] ) is valid at a size scale 1 µm of a precipitating particle and for equilibrium configuration of a CH crystallite is expressed as follows: 
, which in compliance with Eq. (8) predicts rather strong anisotropy for the surface energy of the CH. Besides, the estimate 7
indicates that the growth rates of } 0 1 10 { and {0001} facets also substantially differ. In turn, the difference in growth rates of different type of crystallographic facets mainly is caused by the two factors: anisotropy of the growth kinetic coefficient [9] and dependence of the supersaturation ratio at the surface of a facet on its crystallographic type [11] . According to Eq. (5) and {0001} facets, in our further analysis it is assumed that, at these facets, concentrations of solute molecules in solution differ. Accordingly, after
Eq. (7) is modified into the following set of expressions:
where the subscript values i = 1 and 2 correspond to > < 0 1 10 and > < 0001 growth directions (i.e. 
where now n d is the initial value of the sizes 1 L and 2 L at the beginning of the post-nucleation period. Equation (10) is a boundary condition that connects Eqs. (2), (4), and (9) and expresses a continuous variation of the linear sizes of a growing particle at transition of the nucleation process into post-nucleation growth stage. Equation (9) yields the growth rates in directions of interest, 1 V and 2 V , as
where, again, the subscript values i =1 and i = 2 correspond to growth rates in directions > < 0 1 10 and > < 0001 , respectively.
In our further analysis, we need numerical value of the nucleus-water interfacial energy, γ, introduced through Eq. (4). To the best of our knowledge, there is no literature data of this parameter for CH in aqueous solution. Brunauer et al [4] determined experimentally the total surface energy of CH to be t γ = 1.18 J / m 2 that may substantially differ from interfacial energy, γ, as these parameters differ in terms of the physical definition. The interfacial energy may be estimated from the following relationship [12] :
where In spite of a large number of fitting parameters, 1 (9)) to experimental data (see Fig. 4 ) since the fitting procedure was simplified in that the expression given by Eq. (9) exhibits considerably different parametric dependences on kinetic and diffusion coefficients. According to Eq. (9), at the beginning of the post-nucleation period, min 15 ≈ n t < t 20 min (see Fig. 4 ), the size variation is controlled by the surface kinetic processes and, accordingly, the main fitting parameters are the kinetic coefficients 1 β and 2 β . At a later stage, t 20 min, from Eq. (9) it follows that the growth process is driven predominantly by the diffusion and, accordingly, the main fitting parameter is the diffusion coefficient, D .
Interestingly, for an infinitely large observation time, Eq. (9) yields for the aspect ratio the following limit:
At determined values C = 8.22 × 10 24 m . In turn, Eq. (13) leads to another important limit
which predicts that at large concentrations of solute molecules the shape of a growing particle is Precipitating CH crystallites have been observed also in images recorded from another volumetric regions of the solution. For statistics, the values of the same parameters characterizing the growth process have been extracted in the same way (as above) from analysis of images of three another CH particles. For each physical parameter, the data extracted from analysis of images of four CH particles exhibit dispersion of no more than 5% (for the sake of brevity, we do not present these additional images and corresponding data evaluated for growth parameters from these images). Therefore, all the physical parameters evaluated from analysis of the precipitation of particle No. 1 may be qualified as to be characteristic for the growth process of the CH phase in solution under investigation. According to plots presented in Fig. 4 From Eqs. (13) and (14), it may be assumed that through manipulation of the actual concentration of dissolved stoichiometric molecules, C, it is possible to control the aspect ratio of Eq. (1)).
This study demonstrated that the high resolution soft X-ray transmission microscopy may serve as an effective tool not only for observation of the hydration of cementitious particles in aqueous solutions [2] , but is also a valuable technique for quantitative analysis of the throughsolution precipitation process of different stoichiometric phases of the cement paste. Experimental results on the basis of the proposed theoretical model enabled evaluation of the realistic data for the main physical parameters that characterize the growth process of the CH crystals: supersaturation ratio, kinetic and diffusion coefficients, nucleation critical size, crystal aspect ratio, and growth rates for different crystallographic facets. A theoretical justification is presented for the lower limit that exhibits the aspect ratio of the CH crystals in cementitious solutions and hardened cement pastes.
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